The macrocyclic host, cucurbit [8] uril, is used to facilitate cross-linking of colloidal particles and polymers in microdroplets resulting in thermo-and photo-responsive supramolecular colloidal microcapsules. Methyl viologen-bearing colloidal particles were prepared using template polymerisation and combined with cucurbit[8]uril and an azobenzene-functionalised polymer within microfluidic droplets. The colloidal particles self-assembled at the droplet interface, whereupon polymeric cross-links formed via ternary hostguest complexation with cucurbit[8]uril. The resultant supramolecular colloidal microcapsules were uniform in size and were able to retain a macromolecular cargo. It is shown that the capsule skin porosity, and consequently the rate of release of encapsulated cargo, can be remotely controlled via either temperature or light triggers. This simple and versatile method could be extended to other polymer or colloidal derivatives for the fabrication of nano-and microcapsules with dual stimuli response for controlled release. † Electronic supplementary information (ESI) available. See
Introduction
Organisms owe their unique and diverse structures in part to selective molecular recognition by biomolecules, such as DNAproteins, sugar-lectins, RNA-ribosomes, etc. [1] [2] [3] Since the first example of crown ether reported to mimic this process, 4 a number of artificial molecular recognition systems have been established. [5] [6] [7] [8] [9] For example, cyclodextrins (CDs) are employed as macrocyclic hosts for the construction of supramolecular structures via specific binding within their hydrophobic cavities. 10, 11 Relying on a concerted set of weak interactions, cup-like calix[n]arenes act as receptors to hold monomer units together to enable calixarene-based supramolecular polymerisation. 12 Driven by the hydrogen bonds or hydrophobic and ion pair interactions, supramolecular polymers can be efficiently constructed by pillar[n]arenes and their complementary molecules. 13, 14 On account of the dynamic and reversible char-acter of non-covalent interactions in molecular recognition systems, such supramolecular structures undergo dynamic assembly and disassembly processes under external stimuli. Thereby, supramolecular materials are capable of adapting to their environment and exhibit a wide variety of attractive 'smart' properties including shape-memory, self-healing, and stimuli-responsivity. [15] [16] [17] [18] [19] [20] Recently, the family of cucurbit[n]urils (CB[n], n = 5-8, 10) and their corresponding guest molecules have attracted considerable attention as molecular recognition systems, due to their exceptionally high equilibrium affinities and their outstanding stimuli responsively properties. [21] [22] [23] [24] [25] [26] CB [n] molecules are cyclic, methylene-linked oligomers of glycoluril, having a symmetric 'barrel' shape with two identical portal regions laced by ureido-carbonyl oxygens. The size of the 'molecular container' is determined by the number of glycoluril units. While CB [5] , CB [6] , and CB [7] are all able to bind single guests, such as cationic amines, metals, or imidazolium ions, CB [8] has a larger cavity volume and can simultaneously accommodate up to two guest molecules. Typically, these comprise an electron-deficient first guest (e.g. methyl viologen) and an electron-rich second guest (e.g. naphthalene or azobenzene) to form a stable 1 : 1 : 1 heteroternary supramolecular complex.
Previous research has demonstrated that the utility of CB [8] as a linking agent to enable guest-functionalised polymers to be reversibly complexed into supramolecular cross-linked materials. [27] [28] [29] Furthermore, we have previously reported the CB[8]-mediated supramolecular assembly of polymers in microfluidic droplets, generating microcapsules with uniform size and capable of encapsulating target molecules in a robust, well-defined manner. [30] [31] [32] [33] [34] [35] However, the incorporation of multiple stimuli-responsive properties into these microcapsules has not previously been investigated.
In this paper, we employ a droplet-based microfluidic approach to template the formation of dual-responsive supramolecular colloidal microcapsules from monodisperse aqueous microdroplets, in a single step. The microcapsule shell is a CB [8] -mediated composite of thermo-sensitive colloidal particles and a supramolecular polymer, enabling responsivity to both thermal and photo triggers, respectively. The hollow core of the microcapsule can be used as a container for aqueous cargo, demonstrated here by retention of a fluorescent macromolecule. Upon increasing the surrounding temperature, the colloidal microcapsules undergo sustained release of encapsulated cargo due to increased shell porosity. In addition, photo-triggered disruption of the supramolecular crosslinks provides a route to remote triggering of cargo release. The fabrication of such dual-responsive colloidal microcapsules via supramolecular assembly in microfluidic droplets, provides a smart carrier for encapsulating cargoes with potential applications in food and cosmetic industries.
Results and discussion
Preparation of MV-bearing colloidal particles (MCP) and azobenzene functionalised poly(vinyl alcohol) (AP)
The MV-bearing colloidal particles (MCP) were prepared using template polymerisation, as shown in Fig. 1 . First, template colloidal particles were synthesised by soap-free emulsion polymerisation (SFEP) of styrene (St) and 1-methyl-1′-(4-vinylbenzyl)-[4,4′-bipyridine]-1,1′-diium chloride iodide (StMV) monomers in water at 80°C for 24 hours. The average hydro-dynamic diameter of the resultant P(St-co-StMV) colloidal particles was 100 nm with a low polydispersity index (PDI) of 0.05, as measured in a neutral aqueous solution by dynamic light scattering ( Fig. S1a , ESI †). The subsequent polymerisation of N-isopropylacrylamide (NIPAM), N,N′-methylenebisacrylamide (MBA) and StMV onto the surface of the templating PSt-co-PStMV colloidal particles led to the formation of MCP. This surface grafting process increased the average diameter to 322 nm while retaining a low PDI of 0.08 ( Fig. S1b , ESI †).
Azobenzene-functionalised poly(vinyl alcohol), AP, was prepared by conjugating isocyanate-terminated azobenzene onto poly(vinyl alcohol) ( Fig. S3 , ESI †). The reaction was performed at ambient temperature in dimethyl sulfoxide (DMSO) using dibutyltin dilaurate (TDL) as a catalyst. The structure of AP was verified by FT-IR spectroscopy ( Fig. S4 , ESI †) and 1 H NMR ( Fig. S5 , ESI †). AP was fluorescently-labelled with Rhodamine B, introduced onto the azobenzene-poly(vinyl alcohol) using Rhodamine B isothiocyanate ( Fig. S6 , ESI †).
Supramolecular microcapsules from microfluidic droplets
To prepare monodisperse supramolecular microcapsules, water-in-oil (W/O) microdroplets were employed as templates for self-assembly ( Fig. 2 ). Here, microdroplets were generated by a flow-focusing microfluidic device, fabricated from poly(dimethylsiloxane) and comprising three inlets and one outletas shown schematically in Fig. 2 . The capsule forming components were injected as two aqueous flows: (i) a dispersion of the MCP⊂CB [8] binary complex (100 µL h −1 ) and (ii) AP (100 µL h −1 ). The two aqueous flows met as a laminar coflowing stream immediately prior to intersection with a perpendicular oil flow. This continuous phase was composed from Fluorinert FC-40 perfluorinated oil containing 3.0 wt% XL-01-171 fluorous surfactant (200 µL h −1 ). Upon intersection the aqueous stream was segmented into monodisperse W/O microdroplets that were passed through a winding channel to allow rapid and thorough mixing of the reagents prior to collection. As each CB [8] cavity can accommodate one pair of guests, the concentration of the stock solutions was prepared such that the ratio of MV : CB [8] : azobenzene within the mixed droplet was equimolar (40 × 10 −6 M). It should be noted that this concentration is too low to allow significant complexation to occur within the droplet, but when MV, CB [8] , and azobenzene accumulate at the interface, the concentration is high enough to form a supramolecular shell.
As shown in Fig. 3a , the stable microdroplets exhibit a high level of monodispersity, as indicated by the narrow size distribution with a mean diameter of 62 µm and a low coefficient of variation of 2%. The distribution of the capsule-forming components within the microdroplets was probed by confocal laser scanning fluorescence microscopy (CLSM), utilising the Rhodamine B-labeled variant of AP. The CLSM image of microdroplets in Fig. 3a shows the red fluorescence from AP is localised (and concentrated) at the spherical interface of the microdroplet, templating the formation of a hollow colloidal microcapsule shell.
Evaporation of water from the microdroplets results in a steady decrease in diameter until cross-linking at the interface is sufficient for a robust supramolecular shell to form. Further evaporation leads to buckling and crumpling of the flexible shell, until eventual complete collapse onto the glass substrate (Fig. 4a ). The morphology of the obtained microcapsules was further investigated by scanning electron microscopy (SEM); Fig. 4b shows that in contrast to solid beads, microcapsules collapse upon dehydration because of the lack of internal support, with creases and folds clearly visible on the surface. The skin of the microcapsules is constructed from a composite network of colloidal particles (MCP) within a polymer matrix (AP), as shown in an enlarged SEM image ( Fig. 4c) , where closely-packed colloidal particles are observed. The high degree of monodispersity of the microdroplet template results in the isolation of stable supramolecular microcapsules of uniform size (Fig. S7 , ESI †).
The driving force of formation
Colloidal particles owe their stabilizing effect at a liquid-liquid interface to high attachment energies. This effect is employed in the formation of the colloidosome microarchitecture. [36] [37] [38] Consequentially, it can be postulated that MCP⊂CB [8] colloids self-assemble at the droplet interface to form a Pickeringstabilised emulsion.
This accumulation not only results in a localised enhancement in concentration, but also synergistically (via CB [8] crosslinks) adsorbs AP at the boundary of the microdroplet to form a supramolecular nanocomposite skin. To illustrate this, W/O microdroplets exclusively containing the Rhodamine B-labelled variant of AP were prepared and imaged by CLSM ( Fig. 3c and d) . In contrast with droplets containing the MCP⊂CB [8] ⊂AP ternary complex ( Fig. 3a and b) , the fluorescence from AP is uniformly distributed across the entire volume of the droplets rather than locating at the interfaces. This negative control experiment highlights the requirement for MCP colloids and CB [8] to direct self-assembly towards a hollow, microcapsule structure.
Encapsulation of cargo
The segregation of the aqueous flow into discrete microdroplets in the device enables the microcapsules to be loaded with a water-soluble cargo in a single step. To demonstrate this, fluorescein isothiocyanate-dextran (FD, 0.1 mg mL −1 , M w = 150 kDa) was mixed in bulk with Rhodamine B-labelled variant of AP and the colloidal microcapsules were prepared as described above. CLSM images of the resultant microdroplets are shown in Fig. 5 . Red fluorescence from Rhodamine B can be clearly resolved at the oil/water interface, while green fluorescence from the FD cargo is dispersed throughout the interior of the droplets. Note that the assembly of the MCP⊂CB [8] ⊂AP supramolecular layer is not disrupted by the presence of the aqueous cargo.
The cargo-loaded supramolecular colloidal microcapsules can be dehydrated and subsequently rehydrated in water, where they were observed to swell ( Fig. 6a[1-3] ). Osmotic pressure, arising from the presence of the macromolecular cargo, results in the microcapsule diameter increasing on average by 1.5× compared to the dry capsule. Furthermore, the folds and creases diminish, and it is possible to see the top and the lower layers of the microcapsule are still distinct. Despite being constructed exclusively from water-soluble components, the strength of the CB[8]-based ternary complex (K a up to 10 12 M −2 in water) 39 endows high stability.
To assess the significance of the role of the CB [8] hostguest network in cargo retention, a number of control experiments were carried out. As illustrated in Fig. 6 , MCP⊂CB [8] ⊂AP supramolecular colloidal microcapsules can retain 150 kDa FD when rehydrated in water. In contrast, the self-assembly of MCP colloids to form a colloidal shell is alone not sufficient to retain FD upon hydration, with fluorescence observed in the surrounding media. Similarly, encapsulation of FD was not observed when the experiment was performed with only hydrophilic polymer AP present in the microdroplet. Finally, mixing MCP and AP, but in the absence of CB [8] , does not offer any significant improvement in efficacy over MCP alone.
Dual-responsive properties of the supramolecular microcapsules
With the inclusion of the thermo-responsive NIPAM moiety within the outer shell of MCP, the molecular permeability of the microcapsule and correspondingly the release rate of encapsulated cargo can be controlled. To test the temperature dependence of the permeability of rehydrated supramolecular microcapsules, 150 kDa FD was loaded as before and then the release of cargo upon rehydration tracked at three different temperatures: 25, 35 and 45°C (Fig. 7 ). As the temperature increased, the rate of FD dispersal from the microcapsules also increased; with only 28% of cargo released over the first 30 minutes at 25°C, but 55% of cargo released over the same time period on raising the temperature to 45°C.
This temperature-induced cargo release behaviour is attributed to the thermo-responsive PNIPAM shell of MCP, which collapses upon increasing the temperature above the lower critical solution temperature (LCST). This introduces larger gaps between colloidal particles, resulting in the formation of larger pores (Fig. 7b ).
Beyond offering a means for locking colloids and polymer together, the supramolecular CB [8] cross-link can also be employed to trigger the release of encapsulated cargo. Here, azobenzene was selected as the second guest, as its inclusion within CB [8] can be switched on or off by photoisomerisation from the trans-to the cis-isomer, as illustrated in Fig. 8b . To investigate the efficacy of photo-triggered cargo release, 150 kDa FD-loaded microcapsules were rehydrated in water at 25°C and then exposed to UV light (30 s, λ max = 377 nm). Fig. 8a shows the release profile for microcapsules loaded with FD as a function of the time, post UV-exposure. Compared to Fig. 7 , after 5 min the extent of cargo release from UV-irradiated microcapsules was three times greater. To release 50% of their original FITC-dextran, the microcapsules took 30 min after UV irradiation compared with 60 min in the absence of UV. It should be noted that photo-isomerisation of the azobenzene moiety does not lead to complete disassembly, with a photostationary state 80% cis-in the presence of CB [8] . 40 UV exposure results in an expansion of the microcapsule diameter rather than complete disassembly, with a corresponding increase in permeability (Fig. 8c ).
Conclusion
By combining CB [8] -based host-guest recognition with the self-assembly of colloidal particles within microfluidic droplets, dual-responsive colloidal supramolecular microcapsules were prepared. The resultant microcapsules offer good monodispersity and facile release via the supramolecular cross-links. Moreover, it was shown that the release of cargo from supra-molecular colloidal microcapsules can be achieved by changing the porosity of the supramolecular membrane under mild conditions, using temperature or UV light. The high degree of customization enabled by our bottom-up assembly approach, combined with the simplicity of microdroplet fabrication allows ready access to a wide range of microencapsulation motifs.
Experimental

Materials and equipment
All starting materials were purchased from Alfa Aesar or Sigma Aldrich and used as received, unless stated otherwise. CB [8] was prepared as documented previously. 41, 42 400 MHz 1 H NMR spectra were recorded using a Bruker Avance QNP 400. ATR FT-IR spectroscopy was performed using a Perkin-Elmer Spectrum 100 series FT-IR spectrometer equipped with a universal ATR sampling accessory. UV-visible absorption studies were performed on a Varian Cary 4000 UV-vis spectrophotometer. Scanning electron microscopy (SEM) measurements were made and images recorded using a Leo 1530 variable pressure SEM with InLens detector. Dynamic light scattering (DLS) measurement was performed on Malvern Zeta-sizer NS90 instrument. Images of droplet formation were obtained using a Phantom v7.2 camera attached to an Olympus IX-71 inverted microscope. Transmission and fluorescence micrographs were obtained using an Olympus IX-81 inverted optical microscope coupled with an Andor Technology EMCCD iXonEM+ DU 897 camera. Laser scanning confocal microscopy (LSCM) measurements were carried out using a Leica TCS SP5 confocal microscope. Samples were illuminated with either 488 nm or 544 nm lasers for exciting the fluorescein isothiocyanate-dextran cargo and the Rhodamine-containing azobenzene-poly(vinyl alcohol) polymer respectively. The emission of FITC-dextran, peaking at 520 nm ( product data sheet) and the emission of Rhodamine B, peaking at 582 nm, were collected over emission band passes of 490-540 nm and 560-650 nm respectively.
Synthesis of polymeric template colloidal particles of PSt-co-PStMV
1-Methyl-1′-(4-vinylbenzyl)-[4,4′-bipyridine]-1,1′-diium chloride iodide (StMV, 0.23 g, 0.5 mmol) was dissolved in water (100 mL) to form a homogeneous solution, to which styrene (St, 5.208 g, 50.0 mmol) was added dropwise. The mixture for purged with nitrogen for 1 h before elevating the temperature, with the nitrogen blanket maintained throughout the polymerisation. After stabilizing at 80°C, polymerisation was initiated by the addition of 2,2′-azobis(2-methylpropionamide) dihydrochloride (AIBA, 0.271 g, 1.0 mmol). The mixture was allowed to polymerise for 24 h, followed by dialysis to purify and dispersal in 100 mL water.
Synthesis of MV-bearing colloidal particles (MCP)
The MV-bearing colloidal particles were prepared using template polymerisation. To a 250 mL flask, the dispersion of PSt- co-PStMV (10 mL) was diluted in 90 mL water (90 mL). The dispersion was degassed and purged with nitrogen to remove oxygen for 1 h. Subsequently, N-isopropylacrylamide (NIPAM, 1.13 g, 10 mmol), N,N′-methylenebisacrylamide (MBA, 0.05 g, 0.33 mmol) and StMV (0.045 g, 0.1 mmol) were added. The temperature was increased to 80°C and polymerisation was initiated by addition of AIBA (0.271 g, 1.0 mmol). After 24 h polymerisation, the product was purified by dialysis and dispersed in 100 mL water.
Synthesis of azobenzene functionalised polymer (AP)
Poly(vinyl alcohol) (360 mg) was dissolved in N-methylpyrrolidone (60 mL), to this azobenzene-NCO (146 mg, 0.4 mmol) was added along with dibutyltin dilaurate (1 drop). The mixture was stirred at room temperature for 48 h, before purification by precipitation from ethyl acetate. The resultant polymer was filtered and dried in vacuo at 60°C overnight (0.34 g, 60%). To label AP with Rhodamine B, Rhodamine B isothiocyanate (3 mg) was added during the AP preparation process. The photoisomerisation of azobenzene poly(vinyl alcohol) from the trans-to the cis-isomer under UV light was confirmed by ultraviolet absorption spectroscopy which is shown in Fig. S8 . †
Microfluidic preparation of supramolecular colloidal microcapsules
The microfluidic device (Fig. S9 †) was prepared via soft lithography by pouring poly(dimethylsiloxane) (Sylgard 184 elastomer kit, Dow Corning, pre-polymer : crosslinker = 10 : 1) onto a silicon wafer patterned with SU-8 photoresist. The PDMS was allowed to solidify at 72°C for 4 hours before it was peeled off, while outlets and inlets were generated using a biopsy punch. The enclosed microfluidic channels were formed by attaching the moulded PDMS replica onto microscope slides after exposure to oxygen plasma for 8 s in a Femto plasma cleaner. To render the device hydrophobic which is suitable for waterin-oil emulsification, 200 : 1 Novec HFE-7500 (3 M) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane was injected into the microchannels of the sealed device, allowed it to coat on the surface of microchannels at 70°C overnight. The depth of the microfluidic channel is 50 µm and with 25 × 25 µm width at the flow focusing junction.
To generate water-in-oil microdroplets, three different liquids were injected into a microfluidic device, via three syringe pumps (PHD, Harvard Apparatus) with controlled flow rates. Flourinert FC-40 (3 M) perfluorinated oil containing 3 wt % of a neutral fluorous surfactant (XL-01-171, Sphere Fluidics) was used as the continuous phase. The discontinuous aqueous phases consisted of: (i) a dispersion of MCP and CB [8] , and (ii) AP, and when required FD cargo. The oil phase and both aqueous solutions were loaded into three 1 mL syringes before connecting to the appropriate inlets of the microfluidic chip via microbore polyethylene tubing. Flourinert FC-40 was first pumped into the device at the rate of 200 μL h −1 to fill the appropriate channels. The two aqueous dispersed phases were then pumped into the device, each at 100 μL h −1 . In a typical experiment, the concentrations of CB [8] and the viologen azobenzene guests were equimolar, at 40 μM each. After monodisperse droplet formation at a flow-focussing junction, microdroplets were either collected in to a PDMS reservoir downstream or transferred to a glass slide for observation. Upon collection onto a glass slide, droplets were allowed to dehydrate over one night, ensuring complete formation of isolated, monodisperse supramolecular colloidal microcapsules. Before further analysis, the prepared supramolecular microcapsules were washed with HFE-7500 perfluorinated oil three times to remove any residual surfactant.
Thermo-and photo-responsive microcapsule behaviour
To investigate the responsiveness of the supramolecular microcapsules to photo and thermal triggers, the release of FD cargo (150 kDa, 0.1 mg mL −1 in the initial microdroplet) from the hollow core of microcapsules was tracked by fluorescence microscopy.
Thermo-responsive. The glass slide was placed on a heating stage, mounted on the fluorescence microscope. Water (50 µL) was layered over the dried supramolecular microcapsules and fluorescence images taken every 10 min for 1 hour. This was repeated at three different temperatures: 25, 35, and 45°C.
Photo-responsive. FD-loaded supramolecular microcapsules were rehydrated in water and then exposed to a focused ultraviolet (UV) light beam (30 s, λ max = 377 nm). The UV light was generated by a 100 W mercury lamp (365 nm, USH-1030L, USHIO Inc.) and focused through a 40× objective via the DAPI-5060COMF-ZERO filter set (Semrock). To quantify the release of FD, the average fluorescence intensities were estimated for two regions of interest in the fluorescence image; with the first containing the rehydrated microcapsules and the second comprising the whole background in the image. A temporal course of these two values was estimated from the stack of images with Image J Image processing software.
